Graphical Abstract Highlights d The Chengjiang euarthropod Ercaicunia multinodosa preserves appendages in 3D d Head appendages include antennulae, differentiated antennae, mandibles, and maxillae d Trunk appendages are biramous with proximal epipodites d Ercaicunia represents the first stem-group pancrustacean known from macrofossils
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In Brief
Zhai et al. use X-ray computed tomography to reveal the pyritized appendages of the bivalved euarthropod Ercaicunia multinodosa from the early Cambrian Chengjiang biota. Ercaicunia features shared derived characters linking this taxon to stem-group Pancrustacea, including the head (antennulae, antennae, mandibles, maxillae) and trunk (epipodites).
SUMMARY
Pancrustaceans boast impressive diversity, abundance, and ecological impact in the biosphere throughout the Phanerozoic [1] . Molecular clock estimates suggest an early Cambrian divergence for pancrustaceans [2, 3] . Despite the wealth of Palaeozoic exceptional fossiliferous deposits [4] [5] [6] [7] , the early evolution of Pancrustacea remains elusive given the difficulty of recognizing synapomorphies between Cambrian forms and extant representatives. Although early studies suggested crustacean affinities for Cambrian bivalved euarthropods [8] [9] [10] [11] , this view has fallen out of favor by recent reappraisals of their morphology [12] [13] [14] [15] [16] . The best evidence for total-group pancrustaceans comes from Cambrian microfossils preserved as three-dimensional phosphatic replicates in Orsten-type assemblages [4, [17] [18] [19] or as ''small carbonaceous fossils'' (SCFs) [20, 21] . Although these taphonomic windows capture minute morphology enabling detailed comparisons with extant representatives, these microfossils are limited to larval stages (Orsten) or recalcitrant fragmentary remains (SCFs) restricting their phylogenetic precision [5, 12, 19, 20, 22, 23] . We employed X-ray computed tomography [24] to reveal the three-dimensionally appendage morphology of the Chengjiang bivalved euarthropod Ercaicunia multinodosa [25] from the early Cambrian of China. E. multinodosa possesses characters uniquely shared with extant crustaceans, including differentiated tritocerebral antennae and epipodite-bearing biramous trunk appendages. Similarities between E. multinodosa with clypecaridids [9] , waptiids [16] and hymenocarines [11, 14] suggest that these euarthropods may also possess similarly differentiated appendages, but these details are obstructed by the limits of preservation of compacted macrofossils.
E. multinodosa illuminates the early evolution of pancrustacean appendage differentiation and represents the oldest unequivocal crown-group mandibulate known from complete macrofossils [22] .
RESULTS
The dorsal exoskeleton of Ercaicunia multinodosa comprises a broad shield formed by a pair of elongate ovoidal valves that cover the anterior third of the body and extend postero-laterally reaching half of the body (Figure 1 ; see also Figures S1, S2, S3, and S4 and Videos S1 and S2). Total body length-measured from the anterior end of the valves to the terminal of the trunkranges from 8 to 11.3 mm (Table S1 ). The valves meet axially on the anterior third of the body and bear up to six serrations along their antero-lateral margins (Figures S1C, S2G, and S4F). Paired spines are present on the dorsal side of the trunk segments, immediately behind the meeting point of the two valves (Figures 1B and 1C; see also Figures S1F and S1G). The body is divided into three regions with a total of 30 segments comprising a five-segmented head (ocular segment and four appendage-bearing segments), a trunk with 16 pairs of biramous appendages, an appendage-less abdomen with eight segments, and an elongated cylindrical telson that bears a pair of multi-articulated caudal rami located at either side of the terminal telson (Figures 1F and 2H; see also Figure S2D ). Micro-computed tomography (CT) imaging of well-preserved specimens reveals the organization of the ventral morphology that is normally concealed by the dorsal valves. The five segments that compose the head include a small sub-triangular anterior sclerite with a protocerebral origin [26] ( Figures 1D, S2A , S2G, and S2I) followed by four appendage-bearing segments. Although lateral eyes are commonly, albeit not invariably, associated with the protocerebral anterior sclerite in Cambrian euarthropods [26] , these ocular structures are entirely absent in E. multinodosa. The following four head segments bear uniramous appendages that are morphologically differentiated relative to the biramous appendages in the trunk region ( Figures 1D and 1E ). Figure S1E ). White rectangle indicates the region magnified in Figure 2E . (legend continued on next page) at least 12 annuli-like elements and extend antero-laterally, reaching approximately two-thirds of the lateral extension of the dorsal valves ( Figure 1A-1C ). Most of the annuli-like elements carry a delicate medio-distal seta that extends to the middle of the next element ( Figure 2A ; see also Figure S2I ). In the most proximal element, the setae are expressed as strong bristles inserted on medio-distal flattened bulges (Figures 1D and 2A; see also Figures S2G and S3C), which broadly resemble the sensillae of extant crustaceans-and morphologically similar Cambrian bivalved forms-in their robust construction and position relative to the element boundaries [16, 27] . The second appendages are short, face posteriorly, and consist of three robust podomeres, the distal-most of which has a distinctly hook-shaped termination (Figures 1D and 2B; see also Figures S3C and S3D). The substantial morphological specialization and the position of these second appendages support their serial homology with the differentiated tritocerebral appendages of pancrustaceans, suggesting that they most likely correspond to antennae [28, 29] . Specimen YKLP 16201 preserves details of the third and fourth appendage pairs, as well as the oral region, whose segmental origin is best understood based on their position relative to the morphologically differentiated antennules and antennae [28, 29] . The third a1, antennule; a2, antenna; ab, abdominal segments; an, anus; asc, anterior sclerite; av, anal valves; bp, basipod; bl, bulge; cr, caudal ramus; cx, coxa; ds, dorsal spine; en, endopod; ep, epipodite; ex, exopod; gt, gut track; hg, hinge; hyp, hypostome; L, left; lv, left valve; md, mandible; mx, maxillule; R, right; rv, right valve; ser, serrations; set; setae; ss, sensorial setae; tx, the x thoracic appendage; tel, telson; tr, trunk. Scale bars represent 1 mm for (A)-(C) and 500 mm for (D)-(F). See also Figure S1 . and fourth appendages are significantly shorter and broader relative to the tritocerebral antennae-yet also morphologically distinct from the well-developed biramous appendages on the trunk region-but lack fine details due to their small size and preservation as pyrite replicates ( Figures 2C and 2D) . These structures are recognized as appendages based on their bilaterally symmetrical ventral location at either side of the head and the consistent general morphology within each pair ( Figures 1D and  2) . The third appendage pair consists of compact and shieldshaped structures ( Figures 1D and 2C ) whose segmental location corresponds to the mandibles of mandibulate euarthropods [28] , further supported by their robust morphology and position in the ventral side of the head. Fine details, such as serrations or palps, cannot be resolved due to the quality of preservation. The position of the fourth appendage pair corresponds to the maxillules of mandibulate euarthropods [28] , which include a broad subtriangular base and a distal palp composed of at least three podomeres ( Figures 1D and 2D ). In YKLP 16201, the mandibles and maxillules occupy a para-oral position around a raised ovalshaped feature located axially on the ventral side of the head that appears to have collapsed slightly during burial and that most likely represents the hypostome covering the posterior-facing mouth [29] ( Figure 1D ). Given its topological relationship with the gnathal appendages, it seems likely that the hypostome would have occupied a slightly more anterior position on the ventral side of the head in life position.
Each of the 16 biramous trunk appendages comprises an endopod composed of either five (first and second trunk appendages), six (third trunk appendage), or seven (remaining trunk appendages) podomeres with rounded endites ( Figures 1C,  1E , 2E, and 2G). Collectively, the biramous appendages form an axial groove along the body that would have transported food items to the gnathal structures and mouth opening associated with the hypostome [29] ( Figure 1C-1E ; see also Figure S3D) , as observed in extant bivalved euarthropods with homonomous trunk appendages [30] . The exopod is composed of at least three articulated elements that decrease in size distally and bears fine setae directed posteriorly ( Figure 2E -2G; see also Figures S3F and S4E ). Both the endopod and the exopod are attached to the basipod. Proximally, the rami-bearing basipod articulates with the coxa, which dorsally bears a leaf-shaped epipodite with a possible respiratory or osmoregulatory function [4, 31] that extends distally about one-third of the length of its corresponding endopod ( Figure 2E -G and 2J; see also Figures  S4G and S4H) . Epipodites appear to be present in all biramous trunk appendages (Figures S1D, S4G, and S4H) .
The eight abdominal segments without biramous appendages consist of cylindrical telescoping segments with short ventrolateral projections at the posterior border that become progressively longer and narrower toward the posterior end ( Figure 1F ). The telson is almost twice as long as the preceding abdominal segment; it bears a pair of elongated multi-articulated caudal rami consisting of small and triangular three-segmented flap and a ramus fringed with posterior-facing straight setae along its inner margins supported by a thin membrane (Figures S1D). The posterior end of the telson includes a terminal anal opening surrounded by three valve-like exoskeletal elements ( Figures 2H and 2I) . The gut tract consists of a simple tube running through the body, usually preserved as a three-dimensional sediment infill ( Figure S3E ).
DISCUSSION
Our micro-CT investigations of E. multinodosa reveal a substantial degree of three-dimensionally preserved morphological detail in compacted body fossils from the Chengjiang Lager-st€ atte (Figures 1, 2, and 3) , and directly impacts the current understanding of the appendicular organization of Cambrian bivalved euarthropods from Burgess Shale-type deposits. Our findings emphasize the utility of novel imaging techniques to extract phylogenetically informative morphological data from exceptional fossils that are affected by decay and preservation mode [32, 33] . Although the presence of a first pair of antenniform appendages is well documented in several euarthropods, such as hymenocarines [10, 11, 13, 14] , clypecaridids [9, 34] , and waptiids [8, 16, 27] , the traditional view is that most of these forms possessed largely homonomous post-antennular appendages with minimal functional specialization [5, 12, 13, 15, 20] . Alongside recent redescriptions of Burgess Shale taxa [14, 16, 35] , E. multinodosa directly challenges this assumption, and demonstrates a level of appendicular complexity that approximates that of crown-group pancrustaceans by integrating morphologically-and implicitly functionally-differentiated tritocerebral antennae with mandibles and maxillules (Figures 1D and 2A-2D ). The identification of trunk epipodites in E. multinodosa adds substantial support to this interpretation ( Figure 2E -2G; see also Figures S2H, S4G, and S4H), as these structures are widely regarded as diagnostic for pancrustaceans but have hitherto only been observed in microscopic Orsten taxa during the Cambrian [4, 18, 31] . The specialized gnathal appendages of E. multinodosa tentatively suggest an alimentary processing prowess comparable with pancrustaceans [4, 17, 20, 21, 30] , such as mastication with the inner margin of the mandibles and possible food item manipulation with the maxillules, as opposed to the restricted capabilities expected from euarthropods with entirely homonomous appendages. Our findings complement the emerging microfossil record of isolated mouthparts preserved as small carbonaceous fossils (SCFs) that inform the evolution of sophisticated feeding strategies in macroscopic Cambrian pancrustaceans [20, 21, 36] .
The sediment filled tubular gut in E. multinodosa ( Figure S3E ) closely resembles that of the morphologically similar bivalved euarthropods Clypecaris pteroidea [9] and C. serrata [34] and suggests that all these taxa may have had a relatively simple detritus-feeding autecology. However, the presence of threedimensional gut tracts filled with sediment in various euarthropods from the Chengjiang Lagerst€ atte has been regarded instead as a result of early permineralization of initially organically preserved and chemically reactive gut glands that later become replaced by clay minerals [37] . This phenomenon is exemplified by taxa in which the gut tract is preserved as organic carbon films or phosphatized replicates in the Burgess Shale but is expressed as sediment fillings in the Chengjiang, as observed in nektaspidids [38] and megacheirans [37] . Recent studies on fuxianhuiids from the Xiaoshiba and Chengjiang Lagerst€ atten demonstrate the existence of masticatory gnathobasic appendages [39] and complex midgut diverticulae preserved as organic carbon films [40] , respectively, both of which falsify the hypothesis of these stem-group euarthropods as mud feeders based solely on the presence of a sediment-filled tubular gut in most specimens [41, 42] . Thus, we contend that the mode of preservation of the gut tract in E. multinodosa does not accurately inform the autecology of this taxon, and instead, the differentiated gnathal appendages revealed by micro-CT argue in favor of a comparatively more sophisticated feeding ecology involving a degree of food-item manipulation prior to ingestion.
The complex appendicular organization of E. multinodosa impacts the phylogenetic affinities of morphologically similar Cambrian bivalved euarthropods known from Burgess Shaletype deposits, such as clypecaridids [9, 34] , and waptiids [8, 16, 27, 35] . Until recently [16] , both groups had been systematically excluded from cladistic analyses of Lower Palaeozoic euarthropods [5, [12] [13] [14] [15] . The latest appraisal of the phylogenetic position of Cambrian bivalved euarthropods recovered a clade dubbed as Hymenocarina sensu stricto [16] , including the Burgess Shale taxa Branchiocaris pretiosa [11, 13] , Canadaspis perfecta [10] , Tokummia katalepsis [14] , Odaraia alata [26, 43] , and Waptia fieldensis [16, 27, 35] . Hymenocarina s.s. was resolved within the stem lineage of Pancrustacea (Figure 4 ) [16] . The characters that support this position include the recently described mandibles of B. pretiosa, T. katalepsis [14] , and W. fieldensis [16] , as well as, somewhat more controversially, the interpretation that these taxa possess a tritocerebral appendage-less intercalary segment [14, 16, 27] . The position of monophyletic Hymenocarina s.s. in the pancrustacean stem lineage (sensu [16] ) implies that the intercalary segment is ancestral for total-group Pancrustacea and would require that the tritocerebral antennae evolved among crown-group representatives [1, 3, 17, 18] and then become secondarily lost in the Hexapoda [28] . Echoing a recent discussion on the matter [44] , these are messy transformations. Our new data on E. multinodosa helps to clarify some of these issues, as it demonstrates for the first time the presence of tritocerebral antennae in a macroscopic bivalved euarthropod from a Cambrian Burgess Shale-type deposit. E. multinodosa and other clypecaridids [9, 34] share various similarities with waptiids [16, 27, 35] and hymenocarines [10, 11, 13, 14, 26, 43] , including the presence of paired dorsal valves, an anterior sclerite, differentiated cephalic appendages, biramous limbs with filamentous exopods, appendage-less abdomen composed of cylindrical segments, and paired caudal rami. In this context, the observed morphology of E. multinodosa suggests that other clypecaridids, waptiids, and hymenocarines may also possess tritocerebral antennae and gnathal appendages, as well as trunk epipodites. This would carry the implication that the identification of some, or all, of these phylogenetically informative features in Cambrian bivalved euarthropods has been obstructed by the resolution limits of exceptionally preserved compacted macrofossils. This point is clearly exemplified by W. fieldensis [16, 27, 35] . Despite the availability of extensive fossil collections (over 1,800 specimens according to [16] ), critical morphological details, such as the mandibles, are only discernible in a handful of individuals thanks to their particular orientation during burial and extent of decay.
The preserved morphology of E. multinodosa, including differentiated tritocerebral antennae, gnathal structures, and trunk epipodites, supports its affinity within stem-group Pancrustacea (Figure 4 ). This position cements the status of E. multinodosa as one of the oldest crown-group euarthropods alongside Yicaris dianensis [4] and Wujicaris muelleri [18] as the oldest confirmed crown-group mandibulate macrofossils [22] and is congruent with early Cambrian estimates for the divergence of pancrustaceans and myriapods derived from molecular clocks [2, 3] .
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METHOD DETAILS
Microscopic photos were taken with a Leica DFC550 CCD camera attached to a Leica M205C stereomicroscope. For three-dimensional imaging, the specimens were scanned with two Zeiss Xradia 520 Versa X-ray Microscopes (Carl Zeiss (Shanghai) and Institute of Geology and Geophysics, Chinese Academy of Sciences, respectively). We scanned the same specimens with different CT systems (Zeiss Xradia 520 Versa, GE Phoenix Nanotom M, and Bruker SkyScan 2211) and obtained repeatable results. Zeiss X-ray Microscopy was chosen based on its high resolution for Region of Interest on large samples by making use of switchable scintillator-coupled visible light objectives [45] . The thin scintillator-coupled optics design also enables to obtain high contrast images. Both high-resolution regional scanning and high contrast are crucial for fossil imaging. For the present specimens, scanning energy parameters ranged from 40 kV/3 W to 70 kV/6 W depending on the size and lithology of the rock and the required resolution. Scanning resolution ranged from 25.1 to 3.5 mm, with coarse resolutions for large-field scanning and fine resolutions for small-field scanning. Specimens were mounted on a holder with an aluminum tube as adaptor and rotated horizontally by 360 degrees, pausing at discrete angles to collect 2D projection images, which were then combined together to produce a 3D reconstruction of the specimen's volume dataset. This involved the calculation of the absorption upon X-ray energy at every pixel space, which represented the density of the material at this pixel. A suite of TIFF images (ranging from 1014 to 2030 in number) were output. Each image represented a thin section of the specimen perpendicular to a certain axis with a thickness of one pixel. These TIFF images were further processed with the software Drishti (Version 2.4) [46, 47] in order to generate 3D models of the fossils. Within a given specimen, mineral compositions differ between the high-density fossilized animal and the low-density matrix, which results in X-ray absorption difference. In Drishti, appropriate density ranges can be selected in a window called 'Transfer Function Editor' to remove unwanted matrix and to render the fossil structures.
DATA AND SOFTWARE AVAILABILITY
Computed tomography data can be found at: https://data.mendeley.com/. Title: Micro-CT tiffstack of the Cambrian arthropod fossil Ercaicunia multinodosa YKLP 16201 from Chengjiang biota. https://doi.org/10.17632/4z2mm3ncyh.1.
The software Drishti can be downloaded from: https://github.com/AjayLimaye/drishti.
